Introduction
Photoneutron production is the well known phenomenon in which one or more neutrons are emitted by a nucleus subsequent to the absorption of a high energy x or gamma ray. Neutron production at a LINAC (or any x ray source) occurs when the bremsstrahlung beam fiom the converter within the accelerator head is incident on materials in which the threshold for the (y, n) reaction is lower than energy of the electron beam. Although photoneutron cross sections are not large, the tremendous number of photons available from a high-energy bremsstrahlung source makes the process quite productive. With proper selection of neutron target material and beam current, a 9 MeV electron beam may be expected to produce 10" neutrondsecond with energies ranging fiom thermal to a few MeV.
Artificial radioactivity is induced in the neutron target material because of the loss of one or more neutrons from otherwise stable species. For example, natural Pb consists of the isotopes 204Pb, '06Pb, ' "Pb, and 208Pb. Clearly only the first two isotopes are of significance because 203Pb, and ' ' ' Pb are unstable, and photoneutron production would create radioactivity where there was none before. In contrast to this, however, in the cases of elements with no stable isotopes (such as U), photoneutron production would simply add to the natural activity of the material. Detectability then becomes a problem of finding the additional activity in the presence of a large natural background.
In this study, photoneutron production at a 9 MeV electron LINAC was estimated. From a list of photoneutron thresholds of all known isotopes, those with energy less than 9 MeV were selected. From those, only isotopes considered likely or known to be found at the LINAC were investigated. The bremsstrahlung spectrum per electron was estimated and then scaled by the known beam current of the accelerator. Photoneutron cross sections were obtained fiom the scientific literature and they and the bremsstrahlung spectrum were used to calculate the photoneutron production.
In the remainder of this report, the bremsstrahlung spectrum, photoneutron cross sections, and computer code used to fold them together are described. The resulting photoproduction rates, 1 integrated over all possible neutron energies, are given for the candidate isotopes. Tables of cross section parameters and thresholds are found in the appendix. The bremsstrahlung spectrum was estimated with results generated by researchers at the Tomsk Polytechnic University, Tomsk Russia'. Using a Monte Carlo code, they calculated the thick target bremsstrahlung yield by following electrons, with incident energies fiom 4.0 to 10.0 MeV, as they were stopped in a tungsten block. The code also followed created photons as they traversed the block and accumulated the number of photons exiting the block in a cone with opening angle of 20". Absorption in the exit window of the accelerator head was taken into account. Table 1 shows the data, per incident electron, for a 9 MeV beam. The table begins at 1.5 MeV because the lowest photoneutron threshold is 1.67 MeV in Be. would lead to radioactive daughters with half-lives longer than a few days. Those daughters with In the cases of Ig2W and '*qa cross section data are unavailable. For these the parameterization for the natural material was used. This approach is justified on the basis of the mechanism of photonuclear reactions.
In heavy nuclei, photoneutron production proceeds through a two step process. First the photon is absorbed, and a short-lived (picoseconds to femtoseconds) excited state of the parent nucleus is formed. This state has an excitation energy well above photoneutron threshold. While this state lives, energy is shared among the nucleons until one or more nucleons are able to escape. Because of the number of nucleons in a heavy nucleus, such as W or Ta, each nucleon sees an average potential due to the strong nuclear force from every other nucleon. Since this average potential cannot be strongly affected by the presence or absence of a few particles, the probability of nucleon emission is similarly not a strong fimction of the number of nucleons. Consequently, the cross section does not vary tremendously from isotope to isotope. Therefore a measurement of the "W cross section will be very close to the actual cross section for the individual isotopes.
A glance at the table in the Atlas bears this argument out.
Photoproduction
The equation that governs the buildup of a radioactive species contains a term that accounts for the production of the species and a term that accounts for its decay. In the infinite dilution, model, the production term neglects the loss of source material. That is, it is assumed either that there is an infinite supply of source material or that the depletion of the source is negligible. The latter, is tantamount to assuming that the product of irradiating flux, production cross section, and irradiation time is small (compared to unity). If the infinite dilution model is inappropriate, then the buildup equation must be solved with at time-dependent production term. This can be much more difficult. In this section, the production term will be evaluated, and the implications of the data in Tables 1 and 2 will be considered.
Consider a block of material, as shown in Figure 1 , with a depth and time dependent density of target atoms given by p(z,t), presenting area A to a photon flux a,. In addition, assume that the material is characterized by a linear attenuation coefficient, p, that is not affected by photoproduction.
Figure 1. Geometry of photoactivation
The flux reaching a slice of thickness dz located at depth z is then independent of time and given
(1)
If dN represents the number of target nuclei in the slice, the photoproduction, dP, in the slice is given by a a t (2) dp = --(p(z,t)Adz)
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and is just the time rate of change of the number of target atoms in the slice, dN. 'ay is the photoneutron cross section of the material. Solving Equation 2 yields the density of target atoms as a function of depth and time.
Since p(z,O) is just the density of the block prior to irradiation, it is just a constant, p.
The total production in the block is obtained by integrating Equation 3 over the volume of the block. That is, 
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If @, and/or uy are functions of photon energy (as they are in this problem) then QOoy should be replaced by where the integration is carried out fiom threshold to the maximum photon energy of interest. The data of Table 1 , therefore, were combined with the parameterizations in the Atlas according to equation 6 with a numerical integration program, YIELD (listing can be found in the Appendix). The results are given in Table 3 , below. No allowance has been made here for isotopic abundance. Note that u8U and ='U have the highest flux-cross section products. This is because of the low photoneutron thresholds of these isotopes coupled with the weighting of the bremsstrahlung spectrum to low energy. Most of the neutrons fiom these isotopes will have low energy.
The cases of W and Ta need some explanation. Since cross section data was not available for all the isotopes of interest, some approximations were necessary. In the case of W, the parameters fiom the Atlas for the natural mixture was used and the threshold was calculated as the naturally 6 weighted average of the various W isotopes. In the case of Ta, the parameters for lglTa were used with the threshold for lg"Ta. No significant effects are expected because of these approximations.
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The desired exponent in Equation 5 can now be calculated from the flux-cross section integral. Given that the average LINAC current is 0.1 mA, and the area of the photon beam is 976 cm2 at 1 meter from the exit window of the accelerator, it is only necessary to multiply the values in Table  3 by (0.0001 couVsec x 6.25 x 10l8 e-/coul/ 976 x seconds.
barns) to have @,a, in units of inverse 11.8 where a, is the total photoabsorption cross section (including non-nuclear processes). Note that this result does not depend on time, and is just the infinite dilution model corrected for absorption in the block. Production may be considered to occur at the constant rate given by Equation 7 .
The terms in this last result have simple interpretations. @,A is the number of photons per second incident on a block of area A. or/oT is the probability of a photonuclear reaction given that some photon interaction occurs. 1 -e-@ is just the probability of a photon interaction somewhere in an absorbing block of thickness 2.
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Buildup Equation and Expected Yields
The buildup of a radioactive species is governed by the difference between a production term and the radioactive decay, as shown in Equation 8 .
where f is the isotopic abundance of the parent, P is the production rate due to irradiation of the parent, and ;1 is the decay constant of the product.
Since the program YIELD calculates @,,Ao, (because fiom threshold to 9 MeV, it remains only to account for the total photon interaction cross section and the absorption in the block. The latter may be considered complete because materials, such as heavy metals, used for collimation are 2 to 4 mean free paths thick.
is expressed in photonde-) integrated Examination of tables of photon cross sections3 indicates that the absorption cross section is not a strong hnction of energy over the energy range of interest (5 to 9 MeV). In this interval, pair production is rising while Compton scattering and photoelectric absorption are falling, making the sum approximately constant. The rise of the photonuclear cross section, being only at most 1% of the total, does not significantly affect the total cross section.
Assuming complete absorption, and using an average total cross section, the following production rates are calculated fiom the data in Table 4 . Table 5 . Production Rates
The production rate in Table 5 includes the isotopic abundance factor, f The isotopic abundances of the U isotopes are for depleted uranium @U).
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The solution of Equation 8 for the radioactivity of the product after a time t is easily found to be
Product u7u (DU) These activities can be expressed as activity per unit mass of material. The block of material used in this computation is 17.63 cm in radius (corresponding to a radiation cone with an opening angle of 20 degrees), 5 cm thick. The volume of this block is 4882 cc. This table shows the activity levels expressed as pC/gm of block immediately after irradiation. Although there is considerable "7U activity, it is only a factor of 4 larger than the naturally occurring activity. After 90 days, the level falls to 158 pC/gm, and after 180 days, 0.0154 pC/gm.
Even after 90 days, the 237U level would be lost in the natural activity of DU. The induced activities of 233U and excess "' U are obviously undetectable among the naturally occurring uranium activity. As an aside, LINAC personnel' had observed the temporary increase in activity level due to 237U immediately after irradiations. 205Pb is not naturally occurring, but would probably not be detected at the level quoted above with a simple beta/gamma survey meter. This isotope decays by electron capture and produces an x ray that is very close in energy to the x ray induced naturally in lead bricks by cosmic rays and the small amount of 21!l?b that is usually found in the bricks. The level of 17!' Ta would probably be noticeable to a survey meter, but the induced activity is clearly small on a per gram basis.
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The tungsten isotopes, however, present an obvious problem. They have long half-lives and would require years of storage to decay to undetectable levels. However, in actual collimators, tungsten occurs as inserts that intercept no more than 8% of the beam area5. Consequently, tungsten activities should be reduced by a factor of 12.
The question of LINAC duty factor has not yet been considered. LINAC personnel6 have indicated that although the machines are capable of round-the-clock operation, the usual practice has been to use them for approximately 1.5 hours each day. This would reduce the production term and the activity levels by a factor of 0.0625. In addition, the LINAC was placed, on average, approximately 4 meters from the collimator, rather than 1 meter. This contributes an additional factor of 0.0625, thus reducing the activities by an overall factor of 0.0039. Table 8 shows the restated figures (including the factor of 12 for tungsten). The production rates in Table 5 indicate that a 9 MeV LINAC is potentially as prolific a generator of neutrons as is a D-T tube. Assuming that to be true, it is worthwhile to consider the ramifications of neutron capture in the concrete walls of the room and in the collimator support fixturing. A Monte Carlo simulation of neutron transport was performed to determine the probability of neutron capture in various materials in the LINAC vault.
The vault was modeled as a 20 m long by 10 meter wide by 10 meter high room (inside dimensions) with 3 m thick concrete walls, floor, and ceiling. The neutron source was taken to be a 0.5 m square by 5 cm thick solid depleted uranium block. Neutrons were originated uniformly within the volume of the block.
It was observed at the vault that the uranium collimator was situated in a steel and aluminum fixture. For the purposes of this simulation, the exact dimensions are not critical and the fixture was approximated to be a steel base plate, four steel support pipes (at the corners of the base plate), an aluminum table, and an aluminum cap plate, all centered on the floor. The base plate was 120 cm square by 15 cm thick. Each support pipe was 182.5 cm long, 10 cm inside diameter, with 1 cm wall. The uranium block rested on a 2.54 cm thick aluminum slab, 140 cm above the center of the floor. The cap plate was 2.54 cm thick, with its top surface being 2 m above the center of the floor. The geometry of the fixture is shown in Figure 2 .
Concrete was found to account for 94% of the captures. This, of course, occurs because of the massive amount of the material in the simulation. Of all the isotopes present in concrete, only the 5 shown in Table 9 are of concern because they lead to moderately long-lived daughters. , above applies equally well to buildup by neutron capture as well as to buildup by photoproduction. The only change is the meaning of the factor f In the case of neutron capture, this factor accounts for the probability of absorption by the specific isotope. That is, f is the product of the isotopic abundance of the specific isotope, its thermal neutron capture cross (assuming that most captures are due to thermalized neutrons), and the probability of absorption by the natural species, divided by the thermal capture cross section of the natural material. For a source strength of 10" neutrons/second, and irradiation time of 10 years, the expected activities, in all the concrete (1.17 x lo4 metric tons), found from equations 9 and 10 is shown in Per gram activities here are significantly larger than in the concrete because of the proximity of the structures to the source and their smaller mass than the concrete. However, it should be remembered that the under "average" operating conditions the LINAC was placed approximately 4 meters away from the collimator and operated only 1.5 hours per day. Thus, all figures in Tables 10 through 12 reasonably may be divided by a factor of 256. This puts the highest induced activity of "Fe at approximately 0.41 pC/gm.
Conclusions and Recommendations
In conclusion, uranium removed fiom a 9 MeV LINAC should be checked for ='U activity. It is a betdgamma emitter with easily recognized gamma rays. It would also make its presence known because its activity would decay with a 6.75 day half-life. In addition tungsten and tantalum should also be checked, although tantalum is probably of only minor concern. Lead need only be checked if it comes fiom a 9 MeV machine since its threshold is just above 8 MeV.
From the point of view of photoactivation, tungsten presents the gravest problem. The isotopes have moderately long half-lives and photoproduction is fairly efficient in this material. However, all may not yet be lost. The results in Table 7 , since they are calculated for 10 years' continuous irradiation of a solid block, undoubtedly overstate the induced activity. Table 8 shows that although the tungsten activity would be measurable, even taking geometry, and duty factor into account, the activity per gram of material would remain small.
Of a greater concern may be the neutron production itself fiom the LINAC. These devices can represent sources as strong as 10" neutrondsecond and undoubtedly cause radioactivity in their surroundings by neutron capture. A Monte Carlo analysis of neutron capture in steel and aluminum structures near the LINAC indicates that the material of interest is iron because of the production of "Fe. The greatest production (on a per gram basis) occurs in the steel members in the fixture holding the collimator. Depending on LINAC operating conditions, up to 100 pClgm of 55Fe might be produced. However, when duty factor and geometry are taken into account, a more likely figure is closer to 0.4 pC/gm. Therefore, it is recommended that steel in a high energy ( >7 MeV) LINAC be surveyed for "Fe. Since the most activation would occur close to the collimator, steel fiom collimator supports is a reasonable place to start. Ifactivation were not found there, it is almost certain that activation would not be measurable in materials situated at a larger distance from the collimator.
The following table lists isotopes and photoneutron thresholds sorted by threshold energy for all naturally occurring isotopes with threshold energy below 9 MeV. The data were obtained fiom the National Nuclear Data Center (NNDC) at Brookhaven National Laboratory. Pb only has a single set of parameters because it is a spherical nucleus. The other isotopes, having ellipsoidally shaped nuclei, exhibit a splitting of the photoneutron cross section corresponding to vibrations along the principal axes of the nuclear ellipsoid.
The parameters for lslTa were used in calculations for "@Ta because no data for 18"Ta is available.
However, it is evident from the table that the Lorentz parameters vary only slowly with the number of nucleons. Consequently, the results should not be strongly affected by this substitution. The actual threshold for '*?a was used in all calculations.
Computer Program YIELD
The computer program YELD was written to perform the numerical integration of the data in Tables 1 and 2 from threshold to 9 MeV. The data of Table 1 was used as provided; the cross section data was integrated over the bins of Table 1 and multiplied by bremsstrahlung data.
YIELD accumulated the sum of such products. The code was written in the C language. 
